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Abstract 
The influence of film morphology induced carrier diffusion on the broadening of the time-of-
flight transient photo-current pulse was investigated using Monte Carlo simulation in organic 
thin films. Assuming the Gaussian Disorder Model for the charge transport the simulation of the 
time-of-flight photo-current pulse shape was carried out for homogeneous and inhomogeneous 
films  by  varying  the  overall  energetic  disorder  of  the  system.  In  the  case  of  homogeneous  
system, the value of the tail broadening parameter (W) of the photocurrent pulse is found to 
decrease upon decreasing the energetic disorder. The observed behavior is explained by using 
the  temporal  evolution  of  carrier  diffusion  coefficient.  In  case  of  the  inhomogeneous  system,  
upon decreasing the overall energetic disorder of the system the value of W initially attained a 
maximum before it started to decrease. This is attributed to the morphology dependent carrier 
diffusion in the latter case. This study elicits the importance of the influence of the film 
morphology induced carrier diffusion on the experimentally measured shape of the  time-of-
flight transient photo-current pulses, which is found to be generally ignored. 
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Introduction  
 Extensive investigations on charge transport in disordered organic materials 
unambiguously establish the hopping charge transport in these materials resulting in low charge 
carrier mobility [1-5]. The common practice for experimental/theoretical investigation of charge 
transport in such materials is to study the dependence of charge carrier mobility on various 
parameters such as electric field, temperature, carrier concentration, film morphology etc [1-9]. 
Numerous experimental techniques have been adopted for measuring carrier mobility out of 
which the time-of-flight transient photoconductivity (TOF) experiment is quite common and is 
being actively pursued [2,4]. Main reasons for the wider acclaim of TOF experiment are (i) it is 
simple  to  perform  (ii)  the  experimental  results  are  independent  of  electrical  contacts  used  and  
(iii) it can provide electron and hole mobility separately. In TOF experiment, thick organic layer 
is sandwiched between two metal electrodes, and thin sheet of charge carriers is generated (either 
by short laser pulse [1-4] or electron beam [10,11]) at one of the metal organic interface. The 
displacement current due to this thin sheet of charge carriers under a known applied potential is 
recorded as function of time. The shape of typical TOF current pulse consists of an initial spike, 
a plateau where the current/carrier drift velocity remains almost constant followed by a long tail 
which suggests the spreading of the sheet of charge carriers [1-4]. Charge carrier mobility can be 
calculated by knowing the thickness of the sample, the applied potential and the transit time of 
the sheet of carriers across the sample thickness [1-4]. Conventionally, the transit time is taken as 
the time at the point of intersection of tangents drawn on to the  plateau and the falling tail part of 
the current pulse (referred as t0) or the time at which the current has reduced to half of the value 
at the plateau region (referred as t1/2) [1-4]. In some cases where a clear plateau is not observed, 
TOF current pulse on a double logarithmic scale is considered for extracting the transit time [1-
4]. Even though the prime importance of the TOF experiment is to measure the drift mobility of 
electron and hole, but it also carry information related to trap states, density of states (DOS), 
carrier diffusion, recombination processes etc [12-16]. The parameters extracted out of study of 
TOF current pulse and the proposed models of charge transport are highly sensitive to the shape 
of the current pulse [12-16]. Any change in the experimental parameters/nature of the sample, 
that affects the behavior of charge transport, can significantly influence the shape of TOF current 
pulse [17-19]. Hence, a proper understanding of the various factors and mechanisms that 
influence the shape of TOF current pulse is important for extracting meaningful information 
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about the sample. One of the experimentally measurable parameter which characterizes the shape 
of TOF current pulse is the tail broadening parameter W which is defined as W=(t1/2- t0)/t1/2 [17-
19]. The parameter W is related to the spreading or diffusion of sheet of charge carriers and 
hence depends on various material parameters such as energetic disorder, sample thickness, 
temperature etc. [17-19]. Therefore, a detailed investigation on the influence of various material 
parameters on the shape of TOF current pulse provides a deeper insight in to the mechanisms of 
charge transport. 
 Film morphology is known to have strong influence on the carrier transport. Several 
reports provide evidence of enhanced charge carrier mobility when structural orders (such as 
nano/micro scale ordering of polymer chains or molecular aggregates) are introduced in 
otherwise amorphous or disordered organic thin films [20-25].  In terms of energetic disorder, 
these morphologically tailored thin films are therefore not spatially homogeneous rather they are 
inhomogeneous [20,21]. The charge transport in such systems then occurs through a mixture of 
ordered  and  less  ordered  regions.  In  such  systems,  the  energetic  disorder  seen  by  the  carrier  
keeps fluctuating and hence influence of energetic disorder on charge transport becomes 
complex [26,27]. Recently we have made simulation studies on carrier diffusion in such 
inhomogeneous films and observed morphology dependent carrier diffusion which acts in 
addition to the thermal and non-thermal field assisted diffusion [28]. This additional carrier 
diffusion arises due to the spatial fluctuations in the energetic disorder and is attributed to the 
slow relaxation of the carriers generated in the less disordered regions present in the 
inhomogeneous system [28].  
In this report, simulation studies are carried out to understand the influence of morphology 
dependent carrier diffusion on the shape of TOF current pulse.  In most of earlier reports on 
simulation of photocurrent pulse shape, only homogenous nature of film was assumed [4,19,29-
31]. The morphology of the sample in the present case was varied by randomly embedding 
ordered  regions  of  less  energetic  disorder  inside  a  host  material  of  high  energetic  disorder  
(referred to as inhomogeneous system here after). Simulation is also performed without any 
embedded ordered regions (referred to as homogeneous system hereafter). The value of W is 
obtained with various concentrations of ordered regions. It is known from earlier reports [22-24] 
that the overall energetic disorder seen by the carrier decreases with increase in the concentration 
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of ordered regions. W is known to decrease with decrease of energetic disorder for a 
homogeneous system [18]. Hence, W is expected to decrease with increase of concentration of 
ordered regions. Contradictory to this expectation, we find that W initially increases and reaches 
a maximum value with increase of concentration of ordered regions beyond which it starts 
decreasing with further increase in the concentration of the ordered regions. The observed 
variation in W with increase in concentration of ordered regions is explained using morphology 
dependent carrier diffusion [28]. Thus, this study highlights the influence of morphology 
dependent carrier diffusion on experimentally observed results. 
Details of Simulation   
 A 3D array with size 70x70x10000 along x, y and z direction is considered as the lattice. 
The size of the lattice is judged on the basis of our intention to change the lattice morphology 
and also by taking into account of the available computational resources. Z direction is taken as 
the direction of the applied field. The lattice constant a = 6Å is used for the whole set of 
simulation  [4,  22-24].  The  site  energies  are  assumed  to  be  correlated  and  follow  Gaussian  
distribution [4,23,24] with a known standard deviation (V, the energetic disorder parameter). 
Simulation is performed on an energetically disordered lattice with the assumption that the 
hopping among the lattice sites is controlled by Miller-Abrahams equation [4,22-24] in which 
the jump rate (Xij) of the charge carrier from the site i to site j is given by, 
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where ȟܴ௜௝ = หܴ௜ െ ௝ܴห is the distance between sites i and j, ߝ௜ᇱ and ߝ௝ᇱ are the effective energies 
of the site i and j including the electrostatic energy, a is the intersite distance, k is the Boltzmann 
constant, T is the temperature in Kelvin and a2J  is the wave function overlap parameter which 
controls the electronic exchange interaction between sites. Throughout the simulation the 
positional disorder is neglected with the value of overlap parameter, 2Ja=10 [4,22-24]. 
Simulation is based on single carrier approach which is valid for very low carrier concentration 
where the influence of space charge effects [32,33] can be neglected. We note here that TOF 
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experiments are generally performed at very low carrier concentration, (Qgenerated<<0.05CV) 
which supports the use of single carrier approach. The charge carrier is injected randomly on to 
the first plane of the lattice, which is then allowed to hop in the presence of applied electric field. 
In this report, simulations are carried out for E=6.4x105V/cm and T=300K.  Every injected 
carrier is allowed to hop until it covers a sample length of 6Pm. Simulation is performed by 
averaging over ten thousand carriers with one lattice realization per carrier. Position of the 
carrier  as  a  function  of  time  is  recorded  from  which  the  current  pulse  is  calculated  using  
I(t)=eN(t)(<z(t)>/t), where <z(t)> and N(t) are the average position of carriers and the number 
of carrier contributing to the photocurrent at a time t respectively [31,34]. Transit time parameter 
to and t1/2 are extracted from the photocurrent pulse and used for calculating the value of W as 
explained above. Photocurrent is simulated for various values of energetic disorder and the value 
of W for each case is calculated. Knowing the position of the carrier as a function of time the 
temporal evolution of diffusion is also calculated using equation, 
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Diffusion coefficient (Dz) presented in the manuscript is calculated along the applied field 
direction at a temperature T=300K. According to the recent report [35] the deep site energies 
around -2V2/kT are determinant for field dependent diffusion and hence very important. The 
report suggests that to have the required site energies (energies around ~-6V for T=300K) in the 
simulation a lattice of much bigger size is essential. Our investigation on the need of bigger 
lattice size (details provided in supplementary information) suggests that lattice size chosen in 
this work (e.g. 70x70x10000) is sufficient to obtain accurate value of Dz  provided averaging is 
carried over large number of lattice realizations. The averaging over large number of lattice 
realizations will bring in the influence of deep site energies and hence accurate values of Dz are 
obtained using smaller lattice sizes. Our investigations have shown that with the averaging 
carried over ten thousand carriers with one lattice realization per carrier used in the present case 
brings out the influence of required deep site energies [35].  
We adopted a simplified model to investigate the influence of film morphology on the TOF 
current pulse. For inhomogeneous system the lattice morphology is varied by embedding 
cuboids of ordered regions inside a highly disordered host lattice [22-24]. The size and the 
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location of cuboids of ordered region was random.  Energetic disorder inside the ordered region 
is intentionally kept low compared to the host lattice. This assumption of high disordered lattice 
with embedded ordered regions is appropriate because in most practical devices the 
organic/polymer films employed are morphologically tailored. Therefore these organic films 
contains regions of low and high energetic disorder [20,22,23]. Energetic disorder for the host 
lattice is assigned as 75meV, (a typical value of energetic disorder seen in the homogeneous 
disordered organic materials), and for the ordered regions we chose it ¿ve times less compared 
to host lattice i.e. 15meV. Due to ordering of polymer chains or molecular aggregates a reduced 
value of V is expected [23]. Earlier reports have even suggested a 10-fold reduction of energetic 
disorder inside the polycrystalline regions [36]. Mean energy of DOS for the host lattice and 
ordered regions are assumed to be same.  Sizes of ordered regions are limited to a maximum of 
25x25x40 sites along x, y, and z directions. Size of cuboids is chosen such that morphology can 
be varied upon changing the concentration of ordered regions. Moreover, random embedding of 
such cuboids of varying sizes in the host lattice can generate nano-scale morphology in the host 
lattice. Thus, this kind of lattice mimics the inhomogeneous case where the charge transport 
occurs through regions of high and low energetic disorder. Thus, the simulation brings in 
exclusively the influence of spatial fluctuations in the energetic disorder. As explained above, the 
photocurrent pulse is simulated by varying the concentration of ordered regions and the 
respective values of W are calculated. Similarly, the temporal evolution of Dz is calculated. 
Results and Discussions 
 Figure 1 shows simulated TOF current pulses for various values of energetic disorder in 
homogeneous system. Current pulses are normalized to the value of current at the plateau region. 
All simulated current pulse exhibit an initial spike and a plateau region (with constant current) 
followed by a tail. The values of t0 and t1/2 are extracted from the current pulse as explained 
before. As expected for a homogeneous system, it is observed that charge carrier transit time 
decreases with decrease in the value of energetic disorder [4].  Consequently, mobility increases 
as evident from the inset of Figure 2. Using the values of t0 and t1/2 the value of W is calculated 
for each case. As shown in the figure 2, W decreases with decrease in the energetic disorder. 
Figure  3  shows the  plots  of  Dz as  a  function  of  time (normalized to the dwell time of a lattice 
without disorder,W) for various values of energetic disorder. In all the cases, Dz decreases initially 
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and reaches a minimum value (valley point) before it starts increasing with time. The time at 
which  valley  point  is  observed  decrease  with  the  decrease  in  the  energetic  disorder,  which  
provides another indication of the decrease in the overall energetic disorder seen by the carrier. 
This is related to the time taken by carriers to relax to the bottom of DOS [3,4,29,37]. After 
attaining a valley point, Dz increase at much slower rate with decrease in energetic disorder. 
Also, after covering a given sample length, the maximum value of Dz attained with respect to the 
valley point decrease with decrease in the energetic disorder. Dz contains the contribution from 
both the thermal and the non-thermal field assisted diffusion. The non-thermal component is 
field and energetic disorder dependent, which arises due to the large difference in the jump rates 
of carriers occupied at the bottom and top of DOS [29,38]. Higher the value of energetic disorder 
higher is its contribution [29,38]. Therefore, after attaining minimum value the rate at which Dz 
increase with time is expected to be high for large values of energetic disorder. In addition, the 
time  at  which  steady  state  diffusion  is  attained  (the  constant  value  of  Dz with time) decreases 
with decrease in energetic disorder.   
 For  inhomogeneous  system,  the  simulated  TOF  current  pulses  as  a  function  of  
concentration of ordered region is shown in Figure 4. Features of pulse shape are similar to 
homogeneous system i.e. initial spike, plateau region and followed by a tail. W for each pulse is 
extracted and plotted in Figure 5. With increase in the concentration of ordered regions, it is 
expected that there would be decrease in the overall or effective energetic disorder of the system 
[22-24]. This is very much evident from the corresponding increase in the carrier mobility (see 
the inset of Figure 5). Therefore, one may expect a decrease in W with increase in the 
concentration of ordered regions.  Contrary to this expectation, we observe that W increases with 
the increase in the concentration of ordered regions and attains a maximum at ~85% 
concentration of ordered region. Thereafter it decreases with further increase in the concentration 
of the ordered regions. To understand the behavior of W in Figure 5, it is important to analyze the 
temporal evolution of diffusion of carriers in detail. Figure 6 shows the temporal evolution of Dz 
for various concentrations of ordered regions. For comparison, Dz for homogeneous system (0% 
and 100% concentration) is also shown in Figure 6. For all concentrations of ordered regions, it 
is observed that Dz initially decreases and reaches a minimum (valley point) and then it begins to 
increase with time. The time at which the valley point is reached, decrease with increase in the 
concentration  of  the  ordered  regions.  This  once  again  suggests  that  as  the  concentration  of  
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ordered regions increases the overall energetic disorder of inhomogeneous system decrease. At 
low concentration of ordered region (for eg. 20%, 40%, 60%), after attaining the valley point the 
value of Dz increases with time (the initial increasing regime) and then reaches an regime (the 
intermediate regime) where the rate of increase in Dz is small. After the intermediate regime, the 
Dz increases further with time at a rate lower than the initial increasing regime but higher 
compared to intermediate regime. Rate of increase of Dz after the intermediate regime is 
approximately same as that of pure host lattice. These three different regimes of different slope 
are clearly seen in Figure 6 e.g. for 20% concentration. The intermediate regime gradually 
vanishes upon increasing the concentration of ordered region. Once the intermediate regime is 
vanished, at higher concentration (~t80%), increase of Dz after the initial increasing regime is 
approximately same as that of pure host lattice. In the initial increasing regime, the rate of 
increase of Dz increases  up  to  an  optimum  concentration  of  ordered  region.  The  rate  attains  a  
maximum value at ~85% concentration of ordered regions beyond which it decreases with 
further increase in the concentration of ordered regions. Exactly the same trend is observed for 
the magnitude of Dz measured with respect to the valley point. Compared to homogeneous 
system the temporal evolution of Dz in the inhomogeneous system is quiet intriguing. Time 
evolution of Dz for inhomogeneous system can be explained using morphology dependent carrier 
spreading mechanism [28] that acts on the carrier packet in addition to the thermal and non-
thermal field assisted diffusion. The morphology dependent carrier spreading mechanism arises 
due to the slow relaxation of the carriers generated in the ordered regions of inhomogeneous 
system [28]. The behavior of W for inhomogeneous system can be explained in the same way as 
homogeneous system. Higher the rate of increase in the Dz in the initial increasing regime, higher 
is the spreading in the carrier packet and hence a larger W. The gradual vanishing of the 
intermediate plateau regime with increase in concentration of ordered region also results in the 
increase in value of W which attains the maximum value at ~ 85% concentration of ordered 
regions. It should be noted that W attains the maximum value approximately at the same 
concentration for which the rate of increase of Dz and its magnitude with respect to the valley 
point is maximum. Further increase in concentration of ordered regions results in the decrease in 
W. Moreover, as the concentration of ordered region increases the whole lattice tend towards the 
homogeneous system with low disorder, which also supports the decreases of W.  In concise, the 
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observed behavior of W upon increasing the concentration of ordered region can be explained 
using temporal evolution of Dz that arises due to the morphology dependent carrier spreading. 
Conclusions    
In conclusion, this study establishes the influence of morphology on the shape of TOF current 
pulse and in particular highlights the influence of morphology dependent carrier diffusion on the 
experimental observations and extracted parameters. In organic photonic devices like organic 
solar cells, organic field effect transistors etc the active layers are often not truly amorphous. In 
such cases, the morphology dependent carrier diffusion can significantly influence exciton 
diffusion, recombination, charge transport and other processes. Thus, understanding the influence 
of morphology dependent carrier diffusion on the performance of the device is very important. 
This study not only establishes the need to consider the film morphology while modeling the 
TOF pulse shape but also highlights the relevance of morphology dependent carrier spreading 
mechanism in understanding the organic photonic devices better and in optimizing their 
performance. 
Appendix A. Supplementary material 
Supplementary data associated with this article can be found in the online version.  
9 
 
References 
[1] G. Hadziioannou, Paul F.van Hutten, Semiconducting Polymers: Chemistry, Physics and 
Engineering, Wiley-VCH, Weinhelm, 2000. 
[2] M. Pope M and C. E. Swenberg, Electronic Processes in Organic Crystals and Polymers 
Oxford University Press, New York, 2nd Edn, 1999. 
[3] S. Baranovski, Charge transport in disordered solids with application in electronics, John 
Wiley & Sons, England, 2006. 
[4] H. Bässler, Phys Stat Sol (b), 175 (1993) 15. 
[5] N. Tessler, Y. Preezant, N. Rappaport, Y. Roicham,  Adv. Mater. 21 (2009) 1. 
[6] J. O. Oelerich, D. Huemmer, and S. D. Baranovskii, Phys. Rev. Lett. 108 (2012) 226403. 
[7] F. C. Grozema, L. D. A. Siebbeles, J. Phys. Chem. Lett., 2 (2011) 2951. 
[8] B. A. Kamino, T. P. Bender, R. A. Klenkler, J. Phys. Chem. Lett. 3(2012) 1002. 
[9] L. G. Kaake, P. F. Barbara, X. Y. Zhu, J. Phys. Chem. Lett. 1 (2010) 628. 
[10] L. B. Schein, V. Saenko, E. D. Pozhidaev, A. Tyuntev, D. S. Weiss, J. Phys. Chem. C, 113 
(2009) 1067. 
[11] A. P. Tyutnev, V. S. Saenko, E. D. Pozhidaev, V. A. Kolesnikov, J. Phys. Condens. Matter, 
21(2009) 115107. 
[12] A. Hirao, H. Nizhizawa and M. Sugiuchi, Phys. Rev. Lett., 75 (1995)1787. 
[13] A. Hirao, T. Tsukamoto, H. Nizhizawa, Phys. Rev. B, 59 (1999) 12991. 
[14] M. Brinza and G. J. Adriaenssens, J. Opt. Electron. and Adv. Mater., 8 (2006) 2028. 
[15] S. R. Cowan, R. A. Street, S. Cho and A. J. Heeger, Phys. Rev. B, 83 (2011) 035205. 
[16] I. Ravia, N. Tessler, J. Appl. Phys. 111 (2012) 104510. 
[17] P. M. Borsenberger and H. Bässler, J. Appl. Phys., 75 (1994) 967. 
[18] P. M. Borsenberger and D. S. Weiss, Organic Photoreceptors for Xerography, Vol. 59 of 
Optical engineering series, Marcel Dekker, New York, 1998. 
[19]  P. M. Borsenberger, L.T. Pautmeier and H. Bässler, Phys. Rev. B, 48 (1993) 3066. 
[20] A. Salleo, Mater. Today, 10 (2007) 38. 
[21] F. Liu, Y. Gu, J.W. Jung, W. H. Jo, T. P. Russel, J. Polym. Sci., Part B: Polym. Phys., 
(2012) doi: 10.1002/polb.23063. 
[22] S. Raj Mohan, M.P. Joshi, M.P. Singh, Org. Electron. 9 (2008) 355. 
[23] S. Raj Mohan, M.P. Joshi, M.P. Singh, Chem. Phys. Lett. 470 (2009) 279. 
10 
 
[24] S. Raj Mohan, M.P. Singh, M.P. Joshi, J. Phys. Chem. C. 116 (2012) 2555. 
[25] R. Giridharagopal, D. S. Ginger J. Phys. Chem. Lett. 1 (2010) 1160. 
[26] L. B. Schein, J. Phys. Chem. C 112 (2008) 7295. 
[27] S. V. Novikov, A. V. Vanikov, J. Phys. Chem. C 113 (2009) 2532. 
[28] S. Raj Mohan, M.P. Singh, M.P. Joshi, L. M. Kukreja (To be published) 
[29] L. Pautmeier, R. Richert, H. Bässler, Philos. Magz. 63 (1991) 587. 
[30] L. Pautmeier, R. Richert, H. Bässler, Philos. Magz. 59 (1989) 325. 
[31] S. V. Noikov, D. H. Dunlap, V. M. Kenkre, A. V. Vannikov, Proc. SPIE, 3799 (1999) 94.  
[32] L. Meng, D. Wang, Q. Li, Y. Yi, J. L. Bredas, Z. Shuai, J. Chem. Phys., 134 (2011) 
124102. 
[33] F. Yang, S. R. Forrest, ACS Nano 2 (2008)1022. 
[34] G. Schönherr, H. Bässler, M. Silver, Philos. Magz. 44 (1981) 47. 
[35] A.V. Nenashev, F. Jansson, S. D. Baranovskii, R. Österbacka, A.V. Dvurechenskii, F. 
Gebhard, Phys. Rev. B 81 (2010) 115204. 
[36] J. R. Durrant, J. Knoester, D. A. Wiersma, Chem. Phys. Lett. 222 (1994) 450. 
[37] B. Movaghar, M. Grunewald, B. Ries, H. Bässler, D. Wurtz, Phys. Rev. B, 33 (1986) 
5545. 
[38] A. I. Rudenko, V. I. Arkhipov, Philos. Magz. 45 (1982) 177.  
11 
 
Figure captions 
  
Figure 1. Simulated TOF current pulse for various values of energetic disorder in linear scale. 
Double logarithmic representation is shown in the inset. Current pulses are normalized 
to the magnitude of the current at the plateau region. Arrow represents the increasing 
direction of energetic disorder. Simulations were performed at E=6.4x105V/cm and 
T=300K. 
Figure 2. Variation in the value of W (Calculated from TOF current pulses simulated at   
E=6.4x105V/cm and T=300K.) for various value of energetic disorder. Inset shows the 
variation of mobility with energetic disorder. 
Figure 3. Temporal evolution of Dz of carriers for various value of energetic disorder. 
Simulations performed at E=6.4x105V/cm and T=300K. 
Figure 4. Simulated TOF current pulses for various concentrations of ordered regions in linear 
scale. Double logarithmic representation is shown in the inset. Current pulses are 
normalized to the magnitude of the current at the plateau region.  Arrow represents the 
increasing direction of concentrations of ordered regions. Simulations performed at 
E=6.4x105V/cm and T=300K. 
Figure 5. Variation in the value of W (Calculated from TOF current pulses simulated at 
E=6.4x105V/cm and T=300K.) for various concentrations of ordered regions. Inset 
shows the variation of mobility for various concentrations of ordered regions. 
Figure 6. Temporal evolution of Dz for various concentrations of ordered regions. Simulation 
performed at E=6.4x105V/cm and T=300K.  
 






